This paper presents a technique for high-accuracy estimation of image rotation using 1D Phase-Only Correlation (POC). The rotation angle between two images is estimated as follows: (i) compute the amplitude spectra of the given images, (ii) transform the coordinate system of amplitude spectra from Cartesian coordinates to polar coordinates, and (iii) estimate the translational displacement between the polar-mapped amplitude spectra to obtain the rotation angle. While the conventional approach is to employ 2D POC for high-accuracy displacement estimation in (iii), this paper proposes the use of 1D POC with an adaptive line selection scheme. The proposed technique makes possible to improve the accuracy of rotation estimation for low contrast images of artificial objects with regular geometric shapes and to reduce the total computation cost by 50%.
Introduction
High-accuracy image registration is an important fundamental task in many fields, such as image sensing, image/video processing, computer vision, industrial image recognition, etc. Over the years, various techniques for image registration have been developed. Typical examples include image-correlation-based methods, Fourier-transform-based methods, image-feature-based methods, and others [1] , [2] . Among many methods, image registration techniques using Phase-Only Correlation (POC) (or simply "phase correlation") have attracted much attention due to their high accuracy and robust performance. The POC-based approach for image registration is originally proposed for translated images [3] , and its principle is extended to the registration of translated and rotated images [4] (with Euclidean transformation model) and also to the translated, rotated and scaled images [5] (with similarity transformation model).
In our previous work [6] , we have proposed a set of techniques that can significantly enhance the accuracy of POC-based image registration. Using the proposed techniques, we can estimate translational image shift with 1/100-pixel accuracy, image rotation with 1/40-degree accuracy and image scaling with 1/10000-scale accuracy when the image size is 251 × 251 pixels [6] . These high- accuracy image registration techniques have been successfully applied to practical vision sensors [7] for industrial image recognition, where a specially designed ASIC processor is employed for high-speed computation of POC [8] .
In many industrial applications, such as component alignment systems and chip mounters, high-accuracy estimation of rotation angles (with translational image shifts) is of fundamental importance. In typical situation of industrial machine vision, we can assume that the working distance of image sensing is fixed, which means that the captured images include only translations and rotations and do not include scale changes. Hence, the major task of image registration is to estimate image shift and image rotation simultaneously. A problem arises when we employ low contrast images of artificial objects with regular geometric shapes. Since such images contain only limited effective components in their amplitude spectra, the accuracy of rotation estimation degrades significantly.
Addressing this problem, this paper proposes an improved technique for estimating image rotation (with image shift) using 1D POC. The rotation angle between two images is estimated as follows: (i) compute the amplitude spectra of the given images, (ii) transform the coordinate system of the amplitude spectra from Cartesian coordinates (x, y) to polar coordinates (ρ, φ), and (iii) estimate the translational displacement between the polar-mapped amplitude spectra to obtain the rotation angle. While the conventional approach is to employ 2D POC for displacement estimation in (iii), this paper proposes the use of 1D POC with an adaptive line selection scheme.
Given a reference image, the system first selects a set of effective lines in its polar-mapped amplitude spectrum. Then, the 1D POC is computed for the selected lines to obtain the rotation angle. The proposed technique makes possible to improve the accuracy of rotation estimation for low contrast images of artificial objects. Also, the use of 1D POC instead of 2D POC allows us to reduce the computation cost by 50%, which leads to significant performance improvements for actual vision sensors.
Original contribution of this paper are summarized as follows: (i) estimating the image rotation angle using 1D POC instead of 2D POC, (ii) proposal of an adaptive line selection scheme that can find reliable image lines so as to improve the accuracy of rotation estimation, and (iii) systematic experimental evaluation of rotation estimation performance using actual images captured by a commercial-off-the-shelf CCD camera. This paper is organized as follows: Sect. 2 gives the fundamentals of image rotation estimation. In Sect. 3, we define the 1D POC function and present an improved rotation estimation algorithm using 1D POC. Section 4 presents a set of experiments for evaluating the accuracy of rotation estimation. In Sect. 5, we end with some conclusions.
Fundamentals of Image Rotation Estimation
This section introduces the principle of rotation estimation using 2D POC (Phase-Only Correlation) [4] , [6] . The problem considered here is to estimate the rotation angle θ between two images that are translated and rotated with respect to each other. The first step is to separate the rotation from translation. The amplitude spectra of the original images are useful for this purpose. The amplitude spectra in 2D DFT are not affected by the translational image shifts. Instead, they are rotated with respect to each other at the origin of spatial frequency (the DC component) by the same angle as their spatial domain counterparts.
The next step is to convert the problem of rotation estimation into translation estimation by transforming the coordinate system of amplitude spectra from Cartesian coordinates (x, y) to polar coordinates (ρ, φ). Then, we estimate the translational displacement between the polar-mapped amplitude spectra to obtain the estimateθ of the true rotation angle θ.
We can summarize the procedure of rotation estimation as follows.
Inputs:
• the reference image I to be registered in the system • the image J for which the rotation angle should be estimated with respect to the reference image I
Output:
• the estimated rotation angleθ of J with respect to I
Step 1: Calculate the 2D DFT amplitude spectra of I and J ( Fig. 1(a) ) to have I A and J A (Fig. 1(b) ), respectively.
Step 2:
For natural images, most energy is concentrated in lowfrequency domain as shown in Fig. 1(b) . Hence, we had better use the modified amplitude spectra I LA = log(I A + 1) and J LA = log(J A + 1) for rotation estimation. This enhances small-amplitude components in high frequency domain, while suppressing large-amplitude components in low frequency domain as shown in Fig. 1 
(c).
Step 3:
Transform the coordinate system of the modified amplitude spectra I LA and J LA from Cartesian coordinates (x, y) to polar coordinates (ρ, φ), to have the polar-mapped amplitude spectra I PLA and J PLA ( Fig. 1(e) ), respectively. Here, φ axis corresponds to the angle of polar coordinate system and ρ axis corresponds to the radius. 
Step 4:
Estimate the image displacement between I PLA and J PLA using their 2D POC function to obtain the rotation angle estimateθ.
After the rotation estimation, we rotate back the second image J with the angle −θ to obtain the rotation-normalized image J , and estimate the translation between I and J . As a result, we can estimate the rotation angle and the translational displacement between I and J.
Rotation Estimation Algorithm Using 1D PhaseOnly Correlation
As explained in the previous section, the image rotation between I and J is represented as the φ-axis image shift between the polar-mapped amplitude spectra I PLA and J PLA .
In the conventional technique, major problems arise in Step 4, i.e., the use of 2D POC for angle estimation. For images with regular geometric patterns, signal energy is localized in certain spots in amplitude spectrum, exhibiting harmonic structure pattern in frequency domain. In other words, a considerable number of frequency components have only limited energy in its amplitude spectrum. In such a situation, even weak perturbation to the original image causes significant change in its amplitude spectrum, resulting in degraded accuracy in angle estimation. Figure 2 illustrates this situation where (a) shows the L-shaped pattern I and (c) shows its polar-mapped amplitude spectrum I PLA . The spectrum shows the highly localized energy distribution, and large area of the spectrum contains only small signal amplitude. When small Gaussian white noise is added to the image as shown in (b), significant change of amplitude spectrum can be observed as shown in (d). This leads to significant degradation of estimation accuracy of rotation angle. Addressing the problem, in our proposed method, we modify the Step 4 to estimate the displacement between I PLA and J PLA using 1D POC (presented in Sect. 3.1) with an adaptive line selection scheme. The conventional approach is to estimate the φ-axis displacement between I PLA and J PLA by 2D POC. In stead of using the whole image areas of I PLA and J PLA , we employ 1D POC on selected horizontal image lines (as illustrated in Fig. 3 ) for φ-axis displacement estimation. Major advantages of the proposed method are (i) significant reduction in computational complexity compared with the 2D approach, and (ii) improvement in estimation accuracy by adaptively selecting reliable image lines for 1D POC. In this section, first we introduce the principle of 1D POC and then present a high-accuracy rotation estimation algorithm using 1D POC.
1D Phase-Only Correlation
We propose a high-accuracy 1D translation estimation technique using 1D POC, which is a modification of the 2D-POC-based technique presented in [6] and includes a new method for performance improvement.
Consider two 1D signals, f (n) and g(n), where we assume that the index range is n = −M, · · · , M for mathematical simplicity, and hence the signal length is N = 2M + 1. (The discussion could be easily generalized to non-negative index ranges with power-of-two signal lengths.) Let F(k) and G(k) denote the Discrete Fourier Transforms (DFTs) of the two signals, which are given by
where
and A G (k) are amplitude components, and e jθ F (k) and e jθ G (k) are phase components. The normalized cross-power spectrum R(k) is defined as
where G(k) denotes the complex conjugate of G(k). The POC function r(n) is the Inverse Discrete Fourier Transform (IDFT) of R(k) and is given by
If the two signals f (n) and g(n) are similar, the POC function gives a distinct sharp peak. (When f (n) = g(n), the POC function becomes the Kronecker delta function.) If not, the peak drops significantly. The height of the peak can be used as a good similarity measure for signal matching, and the position of the peak shows the translational displacement between the two signals. 
where T is the sampling interval and the index range is given by n = −M, · · · , M. For simplicity, we assume T = 1. In this case, normalized cross-power spectrum R(k) and the POC function r(n) between f (n) and g(n) can be approximated as
where α = 1. The above Eq. (8) represents the shape of the peak for the POC function between the same signals that are slightly displaced with each other. This equation gives a distinct sharp peak. The peak position n = −δ of the POC function corresponds to the displacement between the two signals. We can prove that the peak value α decreases (without changing the shape of the function itself), when small noise components are added to the original signals. Hence, we assume α ≤ 1 in practice. For signal (waveform) matching, we evaluate the similarity between the two signals by the peak value α, and estimate the displacement δ by the peak position. We propose here some important techniques (A)-(D) for improving the accuracy of 1D signal matching. The techniques of (A)-(C) are the modification of their 2D version presented in [6] and (D) is a new method. 
(B) Windowing to reduce boundary effects
Due to the DFT's periodicity, a 1D signal can be considered to "wrap around" at an edge, and therefore discontinuity, which is not supposed to exist in real world, occurs in DFT computations at the edges of 1D signals. We reduce the effect of a discontinuity at a signal border by applying a window function to the input signals f (n) and g(n). For example, we can employ a Hanning window defined as
(C) Spectral weighting for reducing aliasing and noise effects In ordinary situation, high frequency components may have less reliability (low S/N) compared with the low frequency components. We could improve the estimation accuracy by applying a low-pass-type weighting function H(k) to R(k) in frequency domain and eliminating high frequency components with low reliability. One of the simplest weighting functions is defined as
where U is an integer satisfying 0 < U ≤ M.
The normalized cross-power spectrum R(k) is multiplied by the weighting function H(k) when calculating the 1D IDFT in Eq. (4).
Then the modified r(n) will be given by
where V = 2U + 1. In our experiments, we choose U = M/2 . When using the spectral weighting technique, Eq. (11) should be used for function fitting instead of Eq.
(8). (D) Averaging 1D POC function to improve peak-tonoise ratio
When image quality is poor, a single 1D POC function is not sufficient for estimating accurate displacement estimation due to degraded Peak-to-Noise Ratio (PNR). We can improve PNR by averaging a set of 1D POC functions. Given B distinct 1D image signals f i (n) (i = 1, 2, · · · , B), and g i (n) (i = 1, 2, · · · , B). Then, we compute the B distinct 1D POC functions r i (n) between f i (n) and g i (n). By taking the average of r i (n) for i = 1, 2, · · · , B, we have the overall correlation surface r(n) with significantly improved PNR.
High-Accuracy Rotation Estimation Algorithm Using 1D POC
The proposed algorithm consists of two procedures as shown in Fig. 5 : (i) adaptive line selection and (ii) rotation estimation using 1D POC. In the adaptive line selection procedure (i), the system finds reliable image lines automatically by analyzing the registered reference image I in advance. In typical situation of industrial machine vision, the length of time taken to register the reference image in the system is not limited, so we can use enough time to perform procedure (i). The system first generates a new image I by rotating the reference image I by the angle Θ, and computes their polar-mapped amplitude spectra I PLA and I PLA . The next step is to compute the 1D POC function for every pair of horizontal image lines between I PLA and I PLA and to estimate rotation angles for all line pairs. Then, the system selects the reliable image lines for which the estimated angles are close in value to the true angle Θ. This procedure is performed only once when the reference image I is registered in the system. So, the cost of rotation estimation is not affected by the procedure (i). In the rotation estimation procedure (ii), on the other hand, the system estimates the rotation angle between I and J using the selected image lines in I PLA and J PLA . The followings are detailed procedures.
(i) Adaptive line selection
Input:
• the reference image I to be registered in the system • the positive integer B, representing the number of reliable image lines to be selected
Output:
• the index set L of selected image lines
Step 1: Generate the image I by rotating the reference image I by the angle Θ, where Θ = 30 [degree] in our experiments. Calculate the polar-mapped amplitude spectra I PLA and I PLA from I and I , respectively.
Let i be the index of horizontal image lines. For all i:
• Extract the ith image lines from I PLA and I PLA . Evaluate the 1D POC function between the lines and estimate the displacementθ i and the peak valueα i . In this procedure, we can obtain a set of effective image lines for rotation estimation. Figures 6(a) and (b) show examples of 1D POC functions for all image lines and only for the lines selected by the above procedure, respectively. In Fig. 6(a) , the number of image lines is 256 and in Fig. 6(b) , the number of selected image lines is B = 128. From the careful observation of the POC functions in Fig. 6(a) , we can classify the POC functions into three types using their peak: (1) the peak value is high but the peak position is wrong, (2) the peak position is correct but the peak value is low, and (3) the peak position is correct and the peak value is high. Here, the types (1) and (2) give unreliable lines, and the type (3) gives reliable lines. The use of adaptive line selection described the above makes possible to remove all unreliable lines and select the lines exhibiting true peaks as shown in Fig. 6(b) .
(ii) Rotation estimation using 1D POC Inputs:
• the reference image I to be registered in the system • the input image J for which the rotation angle is estimated with respect to the reference image I • the index set L( ∅) of selected image lines
Step 1:
Calculate the polar-mapped amplitude spectra I PLA and J PLA from I and J, respectively.
Step 2:
For all i ∈ L, extract the ith image lines from I PLA and J PLA and compute the 1D POC function between the lines. Step 3:
Calculate average of 1D POC functions obtained from Step 2. Estimate the displacementθ between I PLA and J PLA using the averaged 1D POC function.
In this procedure, we employ the averaged 1D POC function to estimate the φ-axis displacement between I PLA and J PLA proposed in Sect. 3.1(D). By using the averaged 1D POC function, we can significantly improve PNR. Figure 7 shows an example of PNR improvement through averaging. After the averaging, we apply the function fitting technique (described in Sect. 3.1) for estimating the true peak position and height.
Experiments and Discussions
This section describes a set of experiments for evaluating the accuracy of the proposed algorithm. In the experiments, we estimate the rotation angle between two images taken by a CCD camera (View Plus SCOR-14SOM-CS with μTRON FV1520 lens). The target object is mounted on a micro stage that allows precise rotation as shown in Fig. 8 . We employ two different types of images: one is the wood-texture image shown in Fig. 9(a) and the other is the artificial geometric pattern shown in Fig. 9(b) . The distance between the camera and the object is 40 cm. The image size is 256 × 256 pixels. We have rotated the micro stage from 0 to 90 degrees with each step of 1 degrees, and estimated the rotation angle between a reference image before moving the target object and each image after moving it.
In many industrial applications, the target object does not have to be stationary state so that the captured image is blurred or smeared. To reduce such undesirable effects, the system sets exposure time of CCD camera short. And, the system also employs the short exposure time setting due to the limitation of total processing time. To simulate such situations, we have taken five images with five different exposure times 1 ms, 3 ms, 6 ms, 10 ms and 40 ms at each step of the rotation stage.
We compare the proposed rotation estimation algorithm (described in Sect. 3) with the 2D POC-based rotation estimation algorithm (described in Sect. 2). The estimation error in the rotation angle is evaluated by Table 1 summarizes the error in rotation estimation for two target objects, where RMS error represents Root Mean Square error. We observe that the estimation error increases as the image quality decreases (i.e., as the exposure time decreases). As for the wooden texture, the estimation accu- racy is similar for both methods "2D POC" and "1D POC," where "2D POC" corresponds to 2D POC-based rotation estimation algorithm and "1D POC" means 1D POC-based rotation estimation algorithm. As for the geometric pattern, the estimation accuracy of "1D POC" is significantly higher than that of "2D POC." For images with regular geometric patterns, signal energy is localized in certain spots in amplitude spectrum. The estimation accuracy of "2D POC" is low, since the whole image areas of the polar-mapped amplitude spectra are used for rotation estimation. On the other hand, the estimation accuracy of "1D POC" is high, since only the effective horizontal image lines in the polarmapped amplitude spectra are used for rotation estimation. By comparison the results of Tables 1 (a) and (b), result (a) exhibits better rotation estimation performance than result (b). This reason is that the signal energy of the wooden texture is distributed in large areas in amplitude spectrum, so the effective region for rotation estimation is larger than that of the geometric pattern. Figure 10 shows error in rotation estimation, where the target object is geometric pattern and the exposure time is 1 ms. The horizontal axis represents the actual angle θ i [degree] of the rotation stage, and the vertical axis represents the error ε i in rotation estimation. We can see that the con- ventional algorithm "2D POC" fails in some θ i . On the other hand, the proposed algorithm "1D POC" can estimate the rotation angle accurately for all θ i . As is observed in the above results, the proposed algorithm exhibits high performance compared with the conventional algorithm. The number of effective lines B in our proposed algorithm is selected by experimental optimization as shown in Table 2 . By changing the parameter B we can reduce the estimation error. From Table 2 , the better results are obtained when the number of lines B is around 120-200.
We evaluate the computation cost required for estimating a rotation angle. In our proposed algorithm, the procedure (i) adaptive line selection is performed only once when the reference image I is registered in the system. So, we do not include the computational cost of this procedure. The cost for computing the polar-mapped amplitude spectrum I PLA is also not included in the total computational cost because of the same reason. We assume that the image size is 256 × 256 and the number of selected lines B is 128. Table 3 summarizes the number of operations for estimating the rotation angle between two images, where "ADD," "MUL," "DIV," "SQRT" and "LOG" denote the number of additions, multiplications, divisions, square roots and logarithms, respectively. By using the proposed method, significant reduction in computational cost is expected in comparison with conventional method, where the number of operations can be reduced to 50%. As is observed in the above experiments, the proposed algorithm makes possible to improve the accuracy of rotation estimation and to reduce the computational cost.
Conclusion
This paper has presented a technique for image rotation estimation based on 1D Phase-Only Correlation (POC). The use of 1D POC in rotation estimation makes possible to improve the estimation accuracy as well as to reduce the computational cost compared with the conventional 2D POC-based algorithm. For our future work, we will implement the proposed algorithm on practical vision sensors and evaluate the performance of our algorithm.
